Many fundamental questions about sleep remain unanswered. The presence of sleep across phyla suggests that it must serve a basic cellular and/or molecular function. Microarray studies, performed in several model systems, have identified classes of genes that are sleep-state regulated. This has led to the following concepts: first, a function of sleep is to maintain synaptic homeostasis; second, sleep is a stage of macromolecule biosynthesis; third, extending wakefulness leads to downregulation of several important metabolic pathways; and, fourth, extending wakefulness leads to endoplasmic reticulum stress. In human studies, microarrays are being applied to the identification of biomarkers for sleepiness and for the common debilitating condition of obstructive sleep apnea.
High-throughput approaches to study gene expression The search for genes involved in regulation by, and of, sleep and wakefulness and the quest to understand the functions of sleep at the molecular level began a decade before the advent of microarrays. Several candidate genes were studied to elucidate their roles in sleep and wakefulness (for a review, see [1] ). Subtractive hybridization carried out on brain mRNA from sleep-deprived rats, performed in the early 1990s, was the first 'high-throughput' attempt to identify such genes [2] . Later, the application of differential display [3] broadened the candidate gene and subtractive hybridization approaches to screen for genes whose functions were poorly characterized or previously unknown.
As a result of sequencing efforts, there has been an exponential growth in the amount of information available about the DNA sequence of the human genome (e.g., see [4] ) as well as the genomes of various model organisms (e.g., see [5, 6] ). Consequently, thousands of genes have been discovered, including many novel genes for which sequences were unavailable previously. The role of many of these genes is unknown. This facilitated the advent of microarray approaches.
A microarray contains tens of thousands of genes and is a tool for simultaneous measurement of their expression. Significant advances in gene annotations, progress in development and standardization of microarray platforms, as well as the expansion of data analysis tools, including new and powerful statistical approaches to assess expression data (reviewed in [7, 8] ), make a microarray approach the ideal way to initially determine the changes in transcription of the genome in response to, or as a consequence of, sleep and/or wake state. However, microarrays describe what might happen rather than what does happen in a cell or tissue because changes in a given mRNA might not translate into changes in the relevant protein. Microarrays are a tool of discovery and, as such, results are hypothesisgenerating. Therefore, hypotheses arising from microarray studies need to be further assessed. In particular, it is important to distinguish whether changes in gene expression are being 'driven by sleep' versus 'driving sleep or wakefulness'. Novel pathways are, however, being identified and, if confirmed, will provide new targets for therapeutic intervention to address problems with sleep.
Microarrays in sleep research
Microarrays offer a new window on the difference between the sleeping and awake brain and hold the promise of facilitating answers to some of the major questions in sleep biology (Box 1; see also [9] [10] [11] ).
These questions are relevant to the pervasive problem of sleep deprivation in industrialized societies and to the high prevalence of several sleep disorders [12] . In this review, we describe what we have learned from microarray experiments designed to address these questions and discuss future opportunities for the application of these and related approaches.
Microarray studies addressing sleep function have focused on the brain in various species [13] [14] [15] [16] [17] [18] [19] , although a recent study examined other organs [18] . Assessment of the transcriptome in model organisms has demonstrated changes in the level of transcripts of many genes between sleep and wakefulness; as many as 10% of genes in mouse brain change their expression between these two behavioral states [17] . Microarray studies performed to date have used different platforms and different study designs (Figure 1 ). Some studies have evaluated genes changing expression between sleep and wakefulness using fold changes (e.g., see [13] ), whereas others have used falsediscovery rate strategies (e.g. see [17] ). Despite these differences, there is a similarity in the results with respect to pathways in the brain that are affected by sleep and wakefulness (Table 1 ). There remains debate as to the number of genes that are expressed differentially between sleep and wakefulness (e.g., see [13, 14, 17, 19] ). This prob-ably reflects different study designs and, in particular, the sample sizes (power) used in different studies [13, 14, 17, 19] .
Model systems for the study of sleep In recent years, an important advance in sleep research has been the identification of a sleep state in non-mammalian model systems: namely, the fruit fly (Drosophila melanogaster) [20] [21] [22] , the zebrafish (Danio rerio) [23] [24] [25] and, most recently, the nematode (Caenorhabditis elegans) [26] (see also [27] [28] [29] ). Crucial to the identification of sleep in these model systems has been the use of behavioral rather than electrophysiological criteria to define the sleep state. The main behavioral criteria, in addition to quiescence (lack of movement), are the following: first, elevated arousal threshold (i.e. when asleep, it takes a larger stimulus to make the animal move or a longer time to respond to a fixed stimulus); second, homeostasis (i.e. following sleep deprivation the animal returns to sleep faster, has increased durations of sleep bouts, often considered a measure of sleep depth, and can sleep at inappropriate circadian times); and, third, the timing of sleep propensity correlates with the molecular clock or rhythmic expression of clock genes. Not only are the behavioral aspects of sleep conserved among the models but Figure 1 . Examples of experimental strategies in microarray research to elucidate the identity of genes whose expression exhibits differences between bouts of sleep and wakefulness. These complementary strategies address the confounding effects of sleep deprivation-induced systemic stress and the circadian clock on gene expression. (a) This approach [13] used three groups of rats: (i) a group of spontaneously sleeping (SS) animals who were required to sleep before sacrifice in the lights-on condition at least 75% of the previous 8 h; (ii) a group of sleep-deprived (SD) animals kept awake continuously by gentle handling and sacrificed at the same diurnal time as the SS group; and (iii) a group of animals that had a period of spontaneous wakefulness for 70% of the previous 8 h during the lights-out condition (W). Genes whose expression is higher during sleep, yet similar (lower) during sleep deprivation and the spontaneously awake condition (SS > SD = W) are called 'sleep genes', whereas genes conforming to the condition SS < SD = W are called 'wake genes'. Although this design controls for stress and circadian confounders, it does not assess the direction of change in gene expression changes (i.e. up-or downregulation) or identify dynamic changes in transcriptional response. (b) This longitudinal study design [17] compares gene expression in animals allowed to sleep (green circles) before sacrifice with animals that are sleep deprived (blue circles) for different durations but sacrificed at the same time of day to control for circadian influences. An additional group of animals at 'time zero' (red circle) enables estimation of the direction of change for genes found to be expressed differentially between sleep and sleep deprivation. In this case, the experimental design controls for circadian influences in the estimation of temporal changes but does not take into account the effects of stress on gene expression in the group of animals subjected to sleep deprivation. Temporal changes in expression in the sleep groups are, however, not affected by stress because these animals are undisturbed. In both (a) and (b), black arrows indicate key comparisons; the strategy described in (a) relies on the fold-change, whereas the strategy in (b) relies on false-discovery rates as 'filtering' tools to identify differentially expressed genes. The false-discovery rate is a statistical procedure to control the number of mistakes made when performing multiple hypothesis tests, such as those performed during a search for differentially expressed genes in microarray experiments [101] .
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Trends in Molecular Medicine Vol.15 No.2 there is conservation of both neurotransmitter systems and the components of the molecular signaling pathways that regulate sleep [22] . For example, signaling mechanisms involving cyclic AMP, which promotes wakefulness [30, 31] , and epidermal growth factor, which promotes sleep [32, 33] , have the same role in different model systems (for review, see [22] ).
Model systems provide a great opportunity for investigation by microarrays. Microarrays have been applied to the study of sleep in fruit flies [14, 19] , rats [13, 15] and mice [17, 18] . In addition, microarray studies have been conducted recently in the white-crowned sparrow (Zonotrichia leukophrys) [16] , albeit with a limited sample size. This sparrow, like many long-distance avian migrants, has the ability to go without sleep during its migration. An area ripe for future investigation is microarray studies of changes in gene expression in the nematode or zebrafish. Microarray studies that have been conducted in flies, rodents and birds show that similar molecular pathways are altered by sleep, wakefulness and sleep deprivation (Table 1) .
What microarrays are teaching us about the molecular functions of sleep Analyses of the functional categories of genes changing expression between sleep and wakefulness, as revealed by microarray studies, have led to new hypotheses about the functions of sleep and are now the focus of hypothesisdriven research. Two major theories have emerged that are not mutually exclusive: first, that sleep and wakefulness regulate synaptic strength, with up-scaling during wakefulness and down-scaling during sleep [34, 35] ; and, second, that sleep is a stage of macromolecule biosynthesis [17] . In the following sections, we explore each of these theories.
Sleep and wakefulness and synaptic scaling
Microarray studies conducted in rats [13] identified numerous genes involved in the acquisition and potentiation of synaptic plasticity (a term relating to the ability of synapses to change in strength); these genes expressed increased transcript levels during wakefulness. Conversely, the levels of expression of genes involved in synaptic consolidation or depression increase during sleep [13] . These observations have been incorporated within a hypothesis of sleep function referred to as the 'synaptic homeostasis theory' of sleep-wake control [34] (for a review of this theory, see [35] ). It is postulated that wakefulness is accompanied by synaptic potentiation of cortical networks through brain-derived neurotrophic factor (BDNF)-dependent and other signaling mechanisms. Such synaptic potentiation is achieved through activities and learning during wakefulness (commonly termed as experience) and occurs in neuronal circuits that are activated by the relevant experience. Indeed, stimulation of whiskers in the rat modifies the local electroencephalogram (EEG) pattern (the EEG is a measure of electrical activity produced by the brain) [36, 37] . This observation supports the notion that there is a potentiation of synaptic strength in the barrel cortex that receives and processes tactile information derived from the contralateral face of the animal. It is postulated that an increase in overall synaptic potentiation during wakefulness will require more resources (energy, space) to maintain this level of potentiation. It has been further suggested that synaptic potentiation is linked causally to the intensity of EEG slow-wave activity during subsequent sleep and that, during slow-wave sleep, there is synaptic down-scaling. Such down-scaling of synaptic strength has a beneficial effect on neuronal function by returning the system to an overall pre-wakefulness 
Note that the criteria for what comprise a significant change in the gene expression are not similar among studies listed in Table 1 . Although two major approaches to the experimental design and data analyses are discussed briefly here, the aim of this review was not to evaluate the intricacies of experimental designs or statistical approaches to data analysis; such evaluation is beyond the scope of this review. Unavailability of the 'raw' microarray data for the majority of studies listed above precludes data re-analysis using a standardized approach. Thus, this review relies on the conclusions drawn by authors in each microarray paper. b Studies listed in this table are those that used the array platforms containing a complete set of probes -that is, the platforms that enabled the full assessment of transcriptional changes. Transcriptomics approaches that use subtractive hybridization [2] , differential display [97, 98] or 'focused' array platforms [48, 98, 99] have also been applied in sleep research. However, owing to their more limited scope, these studies are not discussed in detail here. Experimental designs and statistical approaches to data analyses vary considerably among the studies shown, although typically the duration of sleep deprivation was less than 12 h. The study with the largest sample size found the largest number of differentially expressed genes [17] . Changes in gene expression after a long duration of sleep deprivation [100] and generation of lesions of the wake-active neurons of the locus coeruleus have also been performed [15] . Microarray experiments in the rat [13] used the cerebral cortex and cerebellum and, in mice, the cerebral cortex and hypothalamus [17] or the whole brain [18] was studied. The fruit-fly experiments were performed on either whole heads [14] or isolated brains [19] ; studies in the Whitecrowned sparrow utilized the telencephalon [16] . c Number of genes identified as changing expression (either down-or upregulated) between sleep and wakefulness or sleep deprivation. d Concepts that emerged from the study are based on the functional categories of genes expressed differentially between sleep and wakefulness or the temporal pattern of gene expression.
e Checkmarks indicate that among up-or downregulated genes there is a prevailing functional category of genes (such as 'response to cellular stress') present in the study. f The study design did not enable identification of the direction of change and hence downregulation of genes. g The number of significant genes and the functional categories differs with the genotype of the mouse studied, for example, the BDNF gene showed significant increase transcript level after sleep deprivation in the AKR/J and DBA/2J mice but not in C57BL/6J mice [18] . Since the synaptic-plasticity-related gene Homer1a increases uniformly across different strain of mice, the synaptic plasticity was checked (U) accordingly. h The number is an estimate based on authors' statement that 0.11% of genes change expression as a result of sleep restriction.
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'balance', although this leaves traces of experiences that occurred during wakefulness and increases synapse signalto-noise ratios.
Sleep and wakefulness and macromolecule biosynthesis
Microarray studies have also identified other classes of genes whose patterns of expression change during sleep [17] . In mouse cerebral cortex and, to a lesser extent, hypothalamus there is upregulation during sleep of genes encoding proteins in various, predominantly intermediary, biosynthetic pathways for heme, protein and lipid [17] . A significant number of genes encoding the structural constituents of the ribosomes, translation-regulation activity and formation of transfer RNA (tRNA; a small RNA that transfers a specific amino acid to a growing polypeptide during protein synthesis) and ribosome biogenesis are also upregulated during sleep. Thus, synthesis of proteins and other macromolecules seems likely to occur during sleep, more so than during wakefulness.
Genes whose expression increases progressively during sleep include genes encoding multiple enzymes of the cholesterol-synthesis pathway, proteins involved in cholesterol uptake and transport and relevant transcription factors and chaperones responsible for transcriptional regulation of cholesterol-related genes [17] . Thus, membrane cholesterol is expected to increase during sleep. Cholesterol has an important role in membrane stability and is the key structural component of membrane microdomains called lipid rafts [38] . The transcript levels of several genes encoding lipid-raft-resident proteins, such as flotillin, also increase during sleep [17] . Rafts bring together neurotransmitter receptors with other signaling molecules and, by so doing, alter the strength of signaling [38] . The reassembling of lipid rafts during sleep would alter signaling of several neurotransmitters [39] [40] [41] [42] . This might be in preparation for subsequent wakefulness, when there is enhanced release of various neurotransmitters on arousal from sleep. Reassembly of lipid rafts during sleep would enable maximal signaling on awakening. It is unclear how an increase in cholesterol synthesis during sleep would impact on synaptic down-scaling during sleep that is proposed in the synaptic homeostasis theory of sleep-wake control [34] .
In addition, during sleep there is an upregulation of genes encoding proteins involved in the functioning of vesicle pools, as well as in the functioning of all antioxidant enzymes and components of intracellular transport. These observations suggest that sleep is a stage of rebuilding and repair in preparation for subsequent wakefulness (Figure 2 ).
What microarrays are teaching us about mechanisms limiting the duration of wakefulness
In humans, wakefulness can be sustained for 16 h without impairment of performance [43] . In mice, the duration of the longest episodes of sustained wakefulness is much shorter, being in the order of 3 h [44, 45] . Accordingly, there must be a cost to extending wakefulness and there is likely to be molecular mechanisms that limit the duration of wakefulness. If so, extending wakefulness beyond these limits, as in acute sleep deprivation, should be deleterious.
Microarray studies have revealed two key concepts: first that extending wakefulness leads to endoplasmic reticulum (ER) stress; and, second, that multiple genes in key cellular pathways are downregulated with prolonged wakefulness.
Extended wakefulness leads to cellular stress Studies of gene expression have revealed that expression of the HSPA5 (heat shock 70 kDA protein 5) gene, which encodes the molecular chaperone commonly known as BiP, increases with extended wakefulness in different species and different brain regions [13, 16, 17, 46] (see also [47, 48] ). These findings suggest that, with extended wakefulness, there is stress in the ER. In rodents, other genes encoding heat-shock proteins and molecular chaperones are also upregulated during sleep deprivation [17, 48] . Increased expression of the Hspa5 gene occurs as part of the signaling pathway called the unfolded-protein response (UPR). This is an adaptive response that enables cells to survive stress in the ER, resulting from perturbations in calcium homeostasis, redox status, elevated secretory protein synthesis, misfolded proteins, glucose deprivation or altered glycosylation [49] . The UPR helps to restore normal ER function by reducing protein trans- Figure 2 . During wakefulness, upregulation of genes involved in synaptic plasticity occurs and, with extended wakefulness, upregulation of molecular chaperones follows. If wakefulness is extended, a major mechanism promoting sleep might be the progressive decline in processes that promote wakefulness, thereby enabling sleep to occur. During sleep, there is a downregulation of genes involved in synaptic plasticity and those encoding molecular chaperones. Macromolecular biosynthesis during sleep is evidenced by the elevated expression of genes involved in the synthesis of lipids, protein, heme and other molecules. There is also increased expression of genes involved in intracellular transport, secondmessenger signaling pathways and some genes involved in energy regulation.
lation and by upregulating the expression of chaperones to increase the ER capacity for folding or to promote degradation of misfolded proteins (for reviews, see [50, 51] ). All components that are activated as part of the UPR are elevated in mouse cerebral cortex after 6 h of sleep deprivation [47] . In this study, sleep deprivation was performed at the beginning of the lights-on period, thus prolonging wakefulness that normally occurs in the lights-off period. A recent microarray study indicates that expression of the Hspa5 gene increases with sleep deprivation not only in brain but also in liver [18] . Thus, ER stress might be a general response to sleep deprivation that is not specific to brain. Hence, the prevailing ethos that sleep is 'of the brain, by the brain and for the brain' [52] is challenged by recent microarray data [18] . There is, however, limited information currently on how sleep and prolonged wakefulness impact on gene expression in peripheral tissuesan area ripe for future study.
Downregulation of genes for multiple cellular processes as wakefulness is prolonged
In both fruit-fly brains and mouse cerebral cortex and hypothalamus, the largest class of genes that are expressed differentially between sleep-deprived animals and sleeping controls are those that show decline in expression with prolonged wakefulness [17, 19] . As the duration of wakefulness progresses, there is a reduction in the expression of genes involved in multiple physiological processes; reduction in these processes might act together to limit wakefulness. In the brain of the fruit fly, multiple genes involved in different steps in the protein-production pathway are downregulated with extended wakefulness [19] . In mouse cerebral cortex and hypothalamus, there is a reduction during extended wakefulness in the expression of genes encoding proteins involved in the main pathways of carbohydrate, energy, tricarboxylic acid (TCA) anabolism and various metabolic pathways, such as lipid, aldehyde and amine synthesis [17] . Thus, a mechanism promoting sleep might be the decline in processes that help sustain wakefulness, thereby enabling sleep to occur (Figure 2) .
Genetic perturbations can test the functional roles of genes identified using microarrays
One disadvantage of microarray strategies is that one does not know whether the genes identified as changing expression with behavioral states are doing so as a consequence of the state (they could be part of the function of sleep) or whether they could be involved in regulating the sleep state. These possibilities are not mutually exclusive.
This disadvantage has led researchers to use the forward-genetic strategy of screening mutants for an altered sleep phenotype. If a mutant animal with an altered phenotype is identified, then it can be assumed that the gene that is mutated is involved in regulating the process. This strategy, applied in D. melanogaster [53] [54] [55] , has identified two genes involved in regulating sleep -Sh, encoding the shaker K + channel [53] and the gene encoding extracellular GPI-anchored protein termed Sleepless [54] and, when applied in C. elegans, has identified a cyclic-GMP-dependent protein kinase [26, 56] .
Using currently available resources, however, particularly in the fruit fly, an investigator can determine quickly whether the altered expression of genes identified in microarray studies will affect sleep. In the fruit fly, there are lines available with transposable elements that disrupt gene function by insertion into identified genes [57] [58] [59] . Also available is a library of RNA interference (RNAi) lines that target 88% of protein-coding genes [60] . These transposon-insertion lines and the RNAi lines can lead to reduced gene function. The power of available D. melanogaster genetic tools is that spatial and temporal control of gene expression are also possible using two-and threecomponent transgenic systems (for a review, see [61] ). Gene expression can be altered in both the positive and negative direction and can disregulate the gene of interest identified in microarray studies. It is, therefore, feasible to test whether a gene indentified in a microarray experiment also regulates sleep.
This technique was used in the study of the molecular chaperone gene Hspa5 in the fruit fly. The expression of Hspa5 increases with sleep deprivation in fruit flies [46] , mice [17] , rats [13] and birds [16] . Although numerous studies indicate that extended wakefulness leads to increased expression of the molecular chaperone Hspa5, it has been shown recently through genetic manipulation of Drosophila that alteration of Hspa5 levels does affect the amount of recovery sleep following sleep deprivation. There is no alteration in the amount of baseline sleep or wakefulness. Increased expression of Hspa5 increases the amount of sleep recovery following sleep deprivation [62] . By contrast, increased expression of a dominant-negative form of Hspa5 decreases the amount of sleep recovery after sleep deprivation [62] . These observations are compatible with two possible explanations. Hspa5 itself could be a sleep-promoting molecule with higher levels of Hspa5 leading to more recovery sleep. Alternatively, and more likely, is that higher levels of Hspa5 delay activation of the UPR, as revealed by in vitro studies [63, 64] . Hence, there is a need for more recovery sleep, the final mechanism of defense. Thus, processes controlling the baseline amounts of sleep versus wake and those controlling recovery sleep following sleep deprivation can be separated at the molecular level. The Hspa5 protein is involved in regulating recovery sleep. The role of Hspa5 protein, which was identified by microarrays as important to sleep-wake function, was not understood fully until gene expression was altered experimentally.
Microarrays and quantitative trait loci and the genetic basis of inter-individual differences Aspects of human sleep, such as timing [65] and sleep duration [66] , are heritable. Similarly, many sleep-related traits are heritable in mice [44, 45, 67] (for review, see [68, 69] ). Using mouse recombinant-inbred strains and a quantitative trait locus (QTL) approach, a region on chromosome 13 involved in the response to sleep deprivation was identified [44] . QTL data were further characterized by considering genes in the region that were expressed differentially during sleep and wakefulness in microarray studies [17, 18] . By combining haplotype analysis with data from gene-expression profiling by micro- 2 arrays, hundreds of genes located within the QTL interval were narrowed down to a few genes [70] . However, only one of these genes, as determined by expression profiling [i.e. Homer1a (a splice variant of the Homer1 gene)], has a differential increase in expression with sleep deprivation among the recombinant inbred strains used for QTL mapping [18, 70] . Moreover, there is a polymorphism in the regulatory region of the Homer1 gene that probably impacts on the transcript level observed in microarray profiling [70] . The promoter region of the Homer1 gene contains multiple CRE sites that will bind the cyclic-AMP response element-binding protein (CREB) [71] , and the polymorphism present in this promoter might impact CREB binding. Mice with low levels of CREB owing to a deletion of the a and d isoforms of CREB have reduced wakefulness during the early part of their night-time active period [30] . Whether this reduction in wakefulness is mediated, at least in part, by reduced increases in Homer1a with wakefulness in CREB hypomorph mice is currently unknown.
Review
Thus, microarray studies support the hypothesis that a variation in Homer1a expression explains differences in response to sleep deprivation [18, 70] .
Microarrays and molecular signatures of sleep deprivation and sleep disorders Microarrays are also powerful tools to identify the molecular signatures of diseases (for reviews, see [72, 73] ). However, they are only just beginning to be applied to the study of sleep deprivation and sleep disorders [74] [75] [76] [77] .
In D. melanogaster, a microarray study identified that the expression of the gene encoding amylase increases with prolonged wakefulness [74] . In humans, amylase increases in saliva with sleep deprivation [74] . Thus, assessment of amylase provides a potential biomarker of sleep loss. The importance of evaluating whether there are biomarkers for sleep homeostasis (sleepiness) has been emphasized previously [78] [79] [80] . Such biomarkers will provide assessments of sleepiness that could be used in various settings and provide a means for distinguishing individuals who are particularly sensitive to the effects of sleep deprivation.
Molecular signatures might also be developed for sleep disorders, in particular, the common condition known as obstructive sleep apnea (for a review, see [81] ). In this condition, breathing stops repetitively during sleep, resulting in repeated interruption of sleep and in cyclical repeated hypoxic episodes [82] . These hypoxic episodes result in free-radical production and activation of the transcription factor NFkB and inflammatory pathways (for review, see [82] ). Microarrays have shown that, in patients with obstructive sleep apnea, there are changes in transcript level in several genes involved in modulation of reactive-oxygen species (ROS), including heme oxygenase, superoxide dismutase and catalase [76] . These changes in obstructive sleep apnea patients are suggestive of the activation of mechanisms to modulate, and adapt to, increased ROS developing in response to the frequent episodes of intermittent hypoxia [76] . Thus, temporal changes in molecular-pathway components across the sleep period might provide a signature of the presence of this and perhaps other sleep disorders [83] .
Concluding remarks
Here, we have argued that microarrays are a discovery strategy that has had a major impact in generating hypotheses about fundamental questions in sleep biology and is beginning to identify biomarkers for both the effects of sleep deprivation and for specific sleep disorders. Recent data suggest that extending wakefulness leads to ER stress and several different strategies, including the use of specific pharmacological agents that modify the process [84] , support this concept. Whether sleep deprivation leads to ER stress in the brain in humans is unknown currently, although it seems likely that this will be the case because this has been demonstrated in all species studied to date. Given that ER stress induced by sleep deprivation is also found in the liver, it is conceivable that ER stress might be demonstrated in peripheral leukocytes in humans -an area for further study.
The concept of modulation of synaptic plasticity with sleep or wake state, arising from microarray studies, is also supported by investigation of phosphorylation of the glutamate receptors calcium/calmodulin-dependent protein kinase II (CaMKII) and glycogen synthase kinase 3b (GSK3b) [85] . However, other approaches, at least in developing animals [86] , suggest that strengthening of synaptic connections occurs during sleep, not wakefulness, which is compatible with the improvements in performance of specific tasks that occur in humans from before to after sleep (for review, see [87] ). Thus, further study of this concept is required because the situation might be more complex. It is conceivable that different neuronal groups respond differently with respect to sleep or wake changes in synaptic plasticity.
The concept that sleep is a stage of macromolecular synthesis is relatively recent, although compatible with earlier data that protein synthesis occurs during sleep [88, 89] . Further studies to validate this are required. In particular, it will be important to determine the molecular basis for the switch from energy resources being used during wakefulness to support neuronal firing to those being used during sleep for synthesis of key molecules.
Although much has been accomplished, much more remains to be done (Box 2). Microarray studies of changes in gene expression during the cycle of sleep and wakefulness in the nematode and zebrafish should further clarify what functions of sleep are conserved across phylogeny. Sleep and wakefulness, unlike the circadian clock, which can function as a cell-autonomous molecular negativefeedback loop, are controlled by interacting neuronal circuits (for review, see [52, [90] [91] [92] ). Thus, understanding sleep and wakefulness at the level of transcription requires the study of changes in gene expression within identified populations of neuronal cells. Identification and isolation of particular neuronal cell populations would then be the basis of a microarray-based examination of gene expression in model organisms. This is possible with laser microdissection, high-throughput in situ hybridization or the use of flow cytometry for cell separation (for a review of these methods, see [93] ). The first attempt to assess changes in the transcript level in a specific neuronal population was made by Maret et al., who used microarrays to study RNA isolated from neurons expressing Homer1a gene [18] . In this experiment, a poly-A binding protein (PAPB) was expressed in transgenic mice under the control of the promoter of the Homer1 gene, followed by the purification of the PAPB and the bound mRNA. This study identified several transcripts with changing expression in Homer1a-expressing neurons after sleep loss, including, as predicted, the transcript of the Homer1a gene [18] .
Recent advances in sequencing technologies, such as short-read high-throughput sequencing (RNA-Seq), make it clear that current methods, including microarrays, are not identifying all of the transcriptional landscape of mammalian cells [94] . RNA-Seq detects as many as 25% more gene transcripts than microarrays. Thus, highthroughput sequencing of the transcriptome during sleep and wakefulness will provide additional information concerning changes in gene expression between these behavioral states.
Although the control of sleep and wakefulness originates in the brain and many functions of sleep are centered on the brain, lack of sleep affects peripheral organs, as seen by the effects of sleep deprivation on metabolism [95] and cardiac health [96] . Therefore, microarray studies also need to extend to peripheral organs so that the effect of sleep and wakefulness, as well as sleep deprivation on gene expression in heart, lung and kidney, among others, can be assessed.
In further investigations in different species, different neuronal groups and different organs, study designs need to be used to separate the effects of sleep or wake from circadian clock influences, as has been done in recent studies [18] .
One of the goals of clinical research is to identify the earliest possible stage of progressive diseases, so that treatment can be initiated. Thus, although the searches for predictive biomarkers of sleep disorders and the deleterious effects of sleep deprivation have only just begun, microarray-based strategies are already beginning to identify pathways to provide both diagnostic information about the presence of a specific sleep disorder and prognostic information.
